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ghrelin; gastric bypass; isoglycemic clamp; jejunal nutrient exposure; incretin GHRELIN WAS ORIGINALLY DISCOVERED as a gastric-derived hormone that stimulates growth hormone secretion (24) but has since emerged as a pleiotropic hormone with significant roles in the regulation of energy homeostasis (32) . Ghrelin is commonly known as the "hunger hormone," and more recent data indicate that it can also promote adiposity and insulin resistance (47, 49, 51) . The biological functions of ghrelin are exerted primarily by acyl ghrelin, the active form of the hormone that has an n-octanoyl group at serine 3. It is important to note, however, that metabolic actions of des-acyl ghrelin have also been described (4) . The ability of ghrelin to regulate metabolism and energy balance implicates it as a potential therapeutic target for regulation of body weight and glucose metabolism. Despite advances in understanding the physiological roles of ghrelin, the regulation of ghrelin secretion remains poorly defined (1) .
The most notable aspect of ghrelin secretion is its response to fasting and feeding. Plasma ghrelin concentrations are highest before eating and subsequently suppressed after food intake, suggesting nutrient-mediated regulation of secretion (9, 10) . The stomach is considered the primary source of circulating ghrelin (2) . Gastric ghrelin-secreting cells are closed-type cells without luminal contact, suggesting that ghrelin-secreting cells are not regulated directly by ingested nutrients but rather indirectly through hormonal and/or neural pathways (41) . Ghrelin-producing cells are also located in the intestine, albeit at lower levels than in the stomach (11) . Interestingly, intestinal ghrelin cells are opened-type cells and thus can be regulated by luminal nutrients (41) . Consistent with this histological difference, previous rodent and human studies support a postgastric, either preabsorptive and/or postabsorptive, regulation of ghrelin secretion (27, 36, 38, 45, 50) .
Fasting and postprandial ghrelin levels are generally decreased after Roux-en-Y gastric bypass (RYGB) surgery (10, 14, 25, 26, 30, 52) , although it should be noted that this is not a universal finding (4, 6, 15) . The mechanisms underlying altered ghrelin secretion after RYGB remain elusive. Changes in postoperative nutrient flow are thought to be responsible for at least some of the weight-independent metabolic benefits of the operation. RYGB involves the creation of a small gastric pouch that is connected to the proximal jejunum such that nutrient flow bypasses the majority of the stomach and duodenum and is delivered directly to the proximal jejunum. We reported recently that the improvements in glucose homeostasis and insulin secretion and the incretin effect observed after RYGB could be recapitulated by acutely delivering nutrients directly to the jejunum via a nasally inserted feeding tube (3). In the current study, we extend these findings to determine whether the enhanced ghrelin suppression after RYGB can be attributed to jejunal nutrient exposure independent of changes in postabsorptive glucose levels.
MATERIALS AND METHODS
Subjects. Obese subjects were recruited from the Vanderbilt Center for Surgical Weight Loss and through local advertisements. Exclusion criteria included a prior gastric, duodenal, or proximal jejunal operation, known malabsorptive disorders, a history of cancer within the past 5 yr, contraindication to nasal tube placement (e.g., deviated septum), and pregnancy. The study protocol was approved by the Vanderbilt University Institutional Review Board, and all subjects provided written, informed consent before participation in the study. This study was registered with ClinicalTrials.gov (NCT00568620).
Study protocol. Partial data from this study were reported previously as an online observation letter (3). All studies were performed at the Clinical Research Center at Vanderbilt University Medical Center. Study subjects completed two study visits of 2 days each, with a minimum 3-day washout period between study visits. Five of the subjects had a diagnosis of type 2 diabetes treated only with metformin, which was discontinued 5 days prior to each study visit. Participants were admitted the morning of study day 1 after a 12-h fast. A history and physical examination were performed and anthropometric measures obtained. A peripheral iv was placed for blood draws, and a Dobhoff feeding tube (8 French, 43 in.; Viasys Medsystems, Wheeling, IL), was then inserted through the nose into the stomach or jejunum according to the randomization scheme. Gastric positioning of the feeding tube was achieved by advancing the tube according to the distance from nasal region to the xiphoid and by auscultating injected air; correct placement was confirmed by abdominal X-ray. Jejunal tube placement 15-20 cm distal to the ligament of Treitz was performed under fluoroscopic guidance. After tube placement, subjects rested for 30 min before commencing a frequently sampled enteral glucose tolerance test. Subjects were fed standardized meals and then fasted overnight. On the 2nd day of each visit, a second peripheral iv was placed in the contralateral arm, and the subjects underwent an isoglycemic iv glucose match. The same protocol was followed on the second study visit, except the tube was placed in the alternate location. Subjects were instructed to maintain their usual diet and physical activity between study visits.
Enteral glucose infusion. After a baseline blood draw (Ϫ10 min), 50 g of glucose (50% dextrose) was delivered into the feeding tube over 10 min. A blood sample was obtained immediately after the glucose was administered (0 min), and samples were then collected at times 15, 30, 45, 60, 90, 120 , and 180 min for the measurement of acyl ghrelin, insulin, glucagon-like peptide-1 (GLP-1), and glucose-dependent insulinotropic polypeptide (GIP). Glucose readings were taken every 5 min for the first 120 min and every 10 min thereafter.
Isoglycemic iv glucose match. A baseline blood sample was drawn (Ϫ10 min) and an intravenous (iv) 20% dextrose infusion began. Glucose readings were taken every 5 min for the first 120 min and every 10 min thereafter. Adjustments were made to the 20% dextrose infusion rate throughout the 180 min to match the plasma glucose levels achieved the previous day during the enteral glucose infusion. Blood samples were collected at times 0, 15, 30, 45, 60, 90, 120 , and 180 min for measurement of acyl ghrelin, insulin, GLP-1, and GIP.
Sample collection and analysis. Blood was collected in chilled EDTA tubes containing AEBSF protease inhibitor (4 mM) and dipeptidyl peptidase IV inhibitor (50 M) and immediately centrifuged to separate plasma, which was stored at Ϫ80°C until analysis. All samples were assayed in duplicate. Glucose was measured via the glucose oxidase method (Beckman Instruments, Fullerton, CA). Plasma insulin was measured by RIA (Millipore, Billerica, MA), and active GLP-1 (7-37 and 7-36 amide) and GIP (total) were measured using the Human Gut Hormone Panel LINCOplex immunoassays (Millipore) by the Vanderbilt Hormone Assay and Analytical Services Core. The intra-and interassay coefficients of variation for these assays were, respectively, 4.1 and 6.9% for insulin, 5.8 and 12% GLP-1, and 9.7 and 16% GIP. Acyl ghrelin was measured using the Milliplex MAP Human Metabolic Hormone Magnetic Bead Panel immunoassay (Millipore). The intra-and interassay coefficients of variation of the acyl ghrelin assay were 12 and 11%, respectively.
Data analyses. The incremental (above or below baseline) area under the curve (AUC) was calculated according to the trapezoid rule and analyzed by repeated-measures ANOVA with Bonferroni adjustment for multiple comparisons using GraphPad Prism version 5. Differences in outcome measures over time among glucose infusion routes were analyzed by mixed-effects models with Bonferroni adjustment for pairwise comparisons in IBM SPSS Statistics version 22. All variables were distributed normally. The three planned comparisons among glucose infusion routes were gastric vs. jejunal, gastric vs. gastric iv match, and jejunal vs. jejunal iv match. Data are expressed as means Ϯ SE.
RESULTS

Characteristics of the study population.
The study cohort consisted of 13 obese subjects, including nine females and four males, with an average age of 38 Ϯ 3 yr. Five subjects had type 2 diabetes. The average weight and BMI on the first study visit were 120.5 Ϯ 7.4 kg and 41.1 Ϯ 1.9 kg/m 2 , respectively. There was no weight change between the two study visits (P ϭ 0.323).
Glucose responses. A 50-g glucose load was delivered directly to the stomach or jejunum via a nasally inserted feeding tube. Administration of glucose to the jejunum caused a left shift in the plasma glucose curve compared with gastric administration of glucose (Fig. 1A) . Although peak concentrations of plasma glucose were similar between the two routes, glucose levels rose and fell more rapidly with the jejunal route. The glucose AUC was lower with jejunal compared with gastric administration of glucose ( Fig. 1D ). During the isoglycemic iv glucose matches, the plasma glucose curves (Fig. 1 , B and C) and AUCs (Fig. 1D ) did not differ from those obtained during enteral administration of glucose. The average amount of iv glucose required to match the gastric glucose curve was 43.3 Ϯ 2.2 g, whereas only 32.7 Ϯ 2.3 g of iv glucose was necessary to match the jejunal glucose curve (P ϭ 0.003). The difference between the amount of glucose administered enterally (50 g ) and that administered during the isoglycemic iv match (noted above) represents the contribution of the splanchnic bed to glucose disposal (20) , the majority of which being the GI tract. The contribution of splanchnic glucose disposal was greater for jejunal compared with gastric delivery of glucose (17.3 Ϯ 2.3 vs. 6.7 Ϯ 2.2 g, P ϭ 0.003).
Insulin responses. Plasma insulin reached higher concentrations with jejunal glucose administration compared with gastric glucose administration ( Fig. 2A) , which resulted in a higher AUC for jejunal glucose (Fig. 2D) . The isoglycemic iv administrations of glucose produced lower plasma insulin concentrations (Fig. 2 , B and C) and AUCs (Fig. 2D ) compared with the corresponding enteral glucose administrations.
Incretin responses. GLP-1 secretion (Fig. 3 ) was low with gastric administration of glucose but was significantly enhanced with jejunal administration of glucose. In contrast, GIP secretion (Fig. 4) occurred with both gastric and jejunal administration of glucose. Although the total amount of GIP secretion (AUC) was similar in response to gastric and jejunal delivery of glucose, GIP concentrations increased and declined more rapidly with a higher peak with jejunal glucose. Neither GLP-1 nor GIP secretion was stimulated with iv administration of glucose.
Acyl ghrelin responses. Jejunal administration of glucose resulted in a greater suppression of plasma acyl ghrelin concentrations (ϳ60%) compared with gastric administration of glucose (ϳ30%) (Fig. 5, A and D) . The isoglycemic iv glucose match to the gastric glucose curves produced a similar suppression of ghrelin observed with the gastric administration of glucose (Fig. 5, B and D) . Conversely, the isoglycemic iv glucose match to the jejunal glucose curves produced less ghrelin suppression compared with the jejunal administration of glucose (Fig. 5, C and D) .
DISCUSSION
RYGB produces profound metabolic improvements that can be attributed to the combined effects of altered enteral nutrient flow, caloric restriction, and weight loss. In this study, we examined the contribution of jejunal nutrient exposure and postabsorptive glucose levels to ghrelin suppression after RYGB. To avoid the confounding metabolic effects of caloric restriction, weight loss, and the stress of the surgical procedure, we used gastric and jejunal feeding tubes in obese subjects to simulate pre-RYGB and post-RYGB nutrient flow, respectively. We found that direct delivery of glucose to the jejunum produced a more robust reduction in plasma ghrelin levels compared with either gastric or isoglycemic iv delivery of glucose. These data suggest that the enhanced ghrelin suppression after RYGB results from a nutrient-initiated signal in the jejunum that is independent of circulating glucose levels.
Our data in this obese cohort of subjects demonstrate that administration of glucose to the jejunum is more effective in suppressing ghrelin levels than an identical glucose load to the stomach. This is consistent with the fact that closed-type cells predominate in the stomach and potentially more nutrientsensitive opened-type cells predominate in the intestine (41) . Given these results, we propose that the enhanced ghrelin suppression observed with jejunal administration of glucose (simulating post-RYGB nutrient flow) is initiated by nutrient contact with the jejunal mucosa and subsequently communicated to the stomach, the primary site of ghrelin secretion, via (27) demonstrated that the intestinal signal for ghrelin suppression in lean, healthy humans is located distal to the duodenum and proximal jejunum. Our study extends these findings to demonstrate that the jejunal signal to suppress ghrelin can be activated in obese humans to overcome the blunted postprandial ghrelin suppression observed in obesity (13, 31, 48) . It should be noted that hyperosmolarity in the small intestine, rather than nutrients themselves, has been shown to induce ghrelin suppression in rodents (37) and could contribute to the enhanced ghrelin suppression observed in our current studies and after RYGB. After RYGB, gastric emptying is more rapid and has been reported recently to be ϳ100 kcal/min for a glucose drink (35) , much faster than a normal rate of 1-4 kcal/min (21) . Although in our study the rate of glucose delivery to the jejunum, 17 kcal/min, was slower than after RYGB to minimize GI discomfort, we cannot rule out the possibility that more rapid nutrient exposure produces an osmotic effect that contributed to acyl ghrelin suppression. Our current data support the concept that a signal to suppress ghrelin is located distal to the stomach and further suggest that it is enhanced by direct jejunal nutrient contact, as would occur after RYGB. Circulating ghrelin concentrations are highest before a meal and are suppressed in the postprandial period (9, 10) . This meal-related pattern of secretion suggests that nutrients regulate ghrelin suppression. As such, the postprandial increase in plasma glucose has been investigated as a mediator of ghrelin suppression. Studies exploring the contribution of circulating glucose to ghrelin suppression in humans have yielded conflicting results. Two studies demonstrated that an iv glucose bolus in healthy subjects caused decreases in plasma ghrelin levels similar to oral glucose; however, the iv glucose resulted in supraphysiological plasma glucose concentrations that were much higher than those from an oral glucose load (34, 44) . Another study using stepwise increases in iv glucose to reach postprandial glucose concentrations only observed ghrelin suppression with a coinfusion of supraphysiological insulin levels (43) . In a slightly different study design, an iv bolus of glucose followed by an iv bolus of insulin also had no effect on ghrelin (7) . In contrast to these previous studies, we explored the role of postprandial hyperglycemia by using an isoglycemic iv glucose infusion that replicated exactly the circulating glucose concentrations observed after the enteral administrations of glucose. We demonstrate that the ghrelin suppression observed after gastric glucose administration can be replicated with iv glucose, suggesting that elevations in plasma glucose are responsible for ghrelin suppression when glucose is given into the stomach. In vitro studies in primary cultures of mouse gastric mucosal cells demonstrate that glucose can directly inhibit ghrelin secretion (42) . However, jejunal administration of glucose, as would occur after gastric bypass, causes greater suppression of ghrelin than a matched iv administration of glucose, suggesting that factors beyond plasma glucose can regulate plasma ghrelin levels.
We observed that an acute delivery of glucose to the jejunum resulted in an increased extraction of glucose by the splanchnic tissues (GI tract, liver, visceral adipose tissue, and spleen). An increase in intestinal glucose uptake after RYGB has been described in rodent models (40) and in humans (8, 29) . After RYGB, chronic nutrient delivery to the jejunum causes adaptive morphological and molecular changes that may contribute to increased intestinal glucose uptake (8, 40) . Our data suggest that increased splanchnic glucose uptake can occur by acutely delivering glucose more distal without invoking intestinal adaption. It is unclear whether or not splanchnic glucose retention contributes to the enhanced ghrelin suppression observed with jejunal administration of glucose. It would be interesting to determine whether limiting glucose absorption from the GI tract would increase glucose concentrations and osmolarity (37) in the intestinal lumen and perhaps provide a stronger stimulus for ghrelin suppression, as we observed with direct jejunal administration of glucose. The inverse relationship between insulin secretion and ghrelin suppression after a meal suggests that insulin may inhibit ghrelin secretion. Most human studies indicate that hyperinsulinemia produced by exogenous insulin infusion can suppress ghrelin secretion (16, 23, 28, 33, 39) and that the effect occurs independently of circulating glucose levels (16) . Insulin has also been shown to directly inhibit ghrelin secretion from rat primary stomach cell culture (17) . There have been human studies, however, that did not find an effect of insulin infusion to lower plasma ghrelin levels (7, 43) . In our study, jejunal administration of glucose caused an exaggerated insulin response compared with gastric and iv infusions of glucose that paralleled the degree of ghrelin suppression. Although we did not find a correlation between insulin and ghrelin responses (data not shown), we cannot rule out the possibility that the greater ghrelin suppression after jejunal administration of glucose is due to intestinal factors acting indirectly through insulin. The involvement of an intestinal signal regulating ghrelin suppression is supported by the different ghrelin responses between the jejunal and iv glucose infusions. The nature of this signal is presently unclear, but the rapidity of the response suggests a hormonal and/or neural mechanism. Our data also show that the GLP-1 response to jejunal delivery of glucose is increased compared with iv (and gastric) delivery of glucose (3). GLP-1 at supraphysiological levels has been shown to suppress ghrelin levels in humans, most likely indirectly through its effect to increase insulin secretion (19) . Additionally, both human and rodent studies suggest that the autonomic nervous system can regulate ghrelin secretion (5, 17, 22, 54) . Further studies are necessary to determine the principle pathways that regulate ghrelin secretion.
As the role of ghrelin evolves from a hunger hormone to a pleiotropic metabolic hormone, it will be necessary to better define the metabolic consequences of altered ghrelin secretion. Exogenous infusion of acyl ghrelin has been shown to inhibit insulin secretion (46) . This raises the possibility that the postprandial decrease in ghrelin is permissive for insulin secretion. Recent data on ghrelin regulating GLP-1 secretion have emerged. Gagnon et al. (18) demonstrated in mice that ghrelin administration before oral glucose enhances GLP-1 release, thereby improving glucose tolerance, and suggested that the preprandial rise in ghrelin acts directly on L cells to "prime" the cell for nutrient-stimulated GLP-1 secretion. On the other hand, intraportal infusion of ghrelin in rats decreased glucose-stimulated GLP-1 secretion (53), consistent with a postprandial suppression of ghrelin secretion being permissive for a GLP-1 response. Several studies have demonstrated that ghrelin worsens glucose metabolism. Thus, an enhanced postprandial suppression of ghrelin with jejunal delivery of glucose would be consistent with the improved glucose metabolism observed in our studies and after RYGB. Our study cannot exclude the possibility that the greater decrease in ghrelin levels with jejunal administration of glucose contributes to the enhanced insulin and GLP-1 secretion and glucose metabolism observed with jejunal glucose.
In conclusion, this study demonstrates that simulating post-RYGB GI nutrient exposure in obese subjects by delivering glucose directly to the jejunum causes a more pronounced suppression of plasma ghrelin. This effect is independent of circulating glucose levels and requires intestinal nutrient exposure. It should be noted that this study examined only the effect of carbohydrates on ghrelin suppression, and further studies would be needed to determine whether responses differ based on type of macronutrient. A limitation of this study is that the acute nature of the jejunal nutrient exposure in this study does not take into account the contribution of intestinal adaptations that occur after RYGB. Also, due to the number of subjects in the study, we are unable to determine whether jejunal glucose administration elicited differential degrees of ghrelin suppression in subjects with and without type 2 diabetes or males and females. Future investigations are necessary to delineate the relative contributions of direct contact of nutrients with the GI mucosa, elevated concentrations of circulating nutrients, and/or neuroendocrine signals to ghrelin suppression in various states of energy balance. Interestingly, patients with a poor weight loss response to RYGB had a less pronounced postprandial suppression of ghrelin (12) , underscoring the clinical importance in understanding the regulation of ghrelin secretion. Another important question that remains to be addressed is the contribution of decreased ghrelin levels to the metabolic improvements after RYGB.
